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ABSTRACT We have used a soluble in vitro RNA polymerase
H transcription system to define the site of initiation of Moloney
murine leukemia viral RNA synthesis. Molecularly cloned inte-
grated and unintegrated Moloney murine leukemia virus DNAs
were used as templates. The 5' ends of in vitro transcripts and
virion RNA of Moloney murine leukemia virus were compared by
nuclease SI protection experiments. Our results indicate that viral
sequences upstream of the in vivo cap site are implicated in the
transcription of viral RNA and that the 5' end of an in vitro tran-
script derived from an integrated Moloney murine leukemia virus
clone corresponds to the 5' end of viral genomic RNA.

During the life cycle ofretroviruses, viral genomic RNA is tran-
scribed into double-stranded RNA by reverse transcriptase
(RNA-dependent DNA nucleotidyltransferase; refs. 1 and 2).
After integration into the host chromosome, viral DNA is tran-
scribed by cellular DNA-dependent RNA polymerase II (3, 4).
No large precursor of viral genomic RNA has been observed in
infected cells (5, 6). Furthermore, the unintegrated forms of
viral DNA (whether synthesized in vivo or in vitro) are infec-
tious, regardless of their subsequent integration sites in the
chromosomal DNA (7-11). It thus appears plausible that pro-
viral DNA might contain its own promoter for initiation of tran-
scription, although the possibility that the transcription of an
integrated provirus is under the control of closely juxtaposed
cellular promoters cannot be excluded. Structural analysis of
the long terminal repeat (LTR) from several murine and avian
retroviruses shows a sequence similar to a Hogness-Goldberg
(T-A-T-A) box, upstream from the 5'-cap nucleotide (12-18).
The Rous sarcoma virus LTR contains an in vitro RNA poly-
merase II initiation site 23 base pairs (bp) downstream from a
T-A-T-A-box-like sequence (18). The complete nucleotide se-
quences of the 5' LTR of an integrated Moloney murine leu-
kemia virus (M-MuLV) DNA and ofan LTR of an unintegrated
form ofM-MuLV DNA have been determined (ref. 13; unpub-
lished results); the sequences include the 5'-cap site of viral
RNA and two possible T-A-T-A-like boxes (13). One of the T-A-
T-A-like sequences is located immediately to the right of the
Sac I site, at position -25 to -31 ofthe LTR (Sac-T-A-T-A-like),
and is likely to be part of the initiation site used for viral RNA
synthesis. However, a C-A-A-T-A-A-A sequence that is 15 nu-
cleotides (nt) to the right of the Kpn I site (Kpn-T-A-T-A-like)
is identical to the Sac-T-A-T-A-like box and should therefore be
regarded as part of a second candidate RNA synthesis initiation
site.

Because we had molecularly cloned integrated M-MuLV
DNA fragments that contain the 5' LTR together with adjacent
cellular sequences and also unintegrated M-MuLV (Fig. 1), we
designed experiments to determine: (i) whether any part of the
M-MuLV LTR, particularly either of the T-A-T-A-like se-
quences, can function as sites for initiation of transcription in
vitro by RNA polymerase II and (ii) whether there are signals
in the cloned cellular flanking sequences that could give rise
to the initiation ofviral transcripts. We used the in vitro soluble
transcription system described by Manley et aL (21) as the
source of RNA polymerase II and factors.

In this report, we show that (i) the Sac-T-A-T-A-like sequence
is implicated in the initiation of transcription of viral RNA, (ii)
an in vitro transcript of an integrated M-MuLV clone and viral
genomic RNA have the same 5' ends, and (iii) there is an in vitro
RNA polymerase II initiation site in the plasmid pBR322.

METHODS
Recombinant DNA Materials. All recombinant DNA ma-

terials were handled according to the National Institutes of
Health guidelines for recombinant DNA research under the
supervision ofthe local Institutional Biosafety Committee. Spe-
cific plasmids are described in Fig. 1 (M-MuLV clones) and in
ref. 20 (pSmaF). Plasmid DNA was isolated as described (22)
and purified by centrifugation in CsCl/ethidium bromide.
Ethidium bromide was removed with isopropyl alcohol; the
DNA was then gel filtered through a Bio-Gel A5M column (Bio-
Rad). Restriction endonuclease-digested DNA was extracted
with phenol and concentrated by ethanol precipitation prior to
transcription. DNA fragments were eluted from preparative
agarose gels as described in ref. 23.
RNA Polymerase II Extracts and in Vitro RNA Synthesis.

Extracts from HeLa cells (21) were used as the source ofRNA
polymerase II and factors for in vitro transcription. Reaction
mixtures (30 1A) contained 12 ul of extract and 1-1.5 ,Ug of re-
striction endonuclease-digested DNA or 0.4-0.6 pug ofpurified
DNA fragments. Other components were as described (19),
except for the addition of 3.3 mM phosphoenolpyruvate. RNA
synthesis was started by adding extract to the other compo-
nents, continued for 60 min at 30'C, and then stopped by adding
15 A1 of 30 mM EDTA/0.6% Sarkosyl/tRNA (1.5 mg/ml)/0.4
mM aurintricarboxylic acid. After phenol extraction and ethanol
precipitation, RNA was subjected to electrophoresis on 4%
acrylamide/7M urea/0.05 M Tris borate, pH 8.3/1 mM EDTA
gels (24), and the gels were autoradiographed at -700C using
unflashed Cronex 4 film and Quanta III intensifying screens
(DuPont).

Abbreviations: M-MuLV, Moloney murine leukemia virus; LTR, long
terminal repeat; nt, nucleotides; bp, base pair(s); kbp, kilobase pair(s).
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FIG. 1. Physical map of cloned M-MuLV DNAs. The construction of p MuLV-101 has been described (19); it contains the 5' LTR of M-MuLV
DNA, 4.9 kilobase pairs (kbp) of proviral DNA, and 3.5 kbp of adjacent cellular DNA inserted at the HindI site of pBR322. pMuLVrlO3 and
pMuLV-11 have the indicatedKpn I fragments ofpMuLVrIO1 inserted into thePstI site of pBR322by (dC)-(dG) tailing (13). The inserted sequences
can be separated from vector sequences with Pst I orKpn I. In both plasmids, the M-MuLV LTR/pBR322 junction is -780 bp away from the single
pBR322 Hindu site that is shown on each line. [A measure of uncertainty is imposed by the unknown lengths of the (dC)-(dG) tails.] p MuLVI-105
contains the indicatedPst I fragment of ptMuLVI-101 cloned directly into thePst I site of pBR322. In this plasmid, the cellular DNA-pBR322junction
is 779 bp from the pBR322 HindEll site. p MuLV-i contains the entire genome of M-MuLV inserted in the HindI site of pBR322 and is derived
from the unintegrated M-MuLV insert in AkMuLV-1 (19,20). An expanded map of the M;MuLV LTR, including the positions of relevant restriction
endonuclease sites, is shown below the p-MuLVr1O1 map; the nucleotide sequence between -45 (left of the'Sac I site) and +60 (right of the Kpn
I site) is shown below the expandedLTR map. The Sac-T-A-T-A-like box, the Kpn-T-A-T-A-like box, andthe 5'-cap nucleotide are indicated. Potential
transcripts originating downstream from either the Sac-T-A-T-A-like box (563 nt, 420 nt, and 820 nt) or the Kpn-T-A-T-A-like box (480 nt, 340 nt,
and 1500 nt) are indicated below the maps of p-MuLV-1, p'MuLV-i1, pMuLVI-103, andpMuLVrlO5.=, LTR ofM-MuLV; , 5' viral sequences;
__, 3' viral sequences; ,, cellular sequences; o, pBR322 sequences; -A, potential transcripts.

RNase T1 Oligonucleotide Analysis. RNA was eluted from
unfixed gels as described in ref. 25. In vivo 32P-labeled yeast
5S and. 5.8S''RNAs were prepared as described (26). -Labeled
RNA was digested at'37C with 0.2 Ag of RNase Ti (Cal-
biochem) in the presence of 5 ug of unlabeled yeast tRNA in
5.d1 of H20; the digests were then diluted with 10 1.d of 95%
formamide/0.5% xylene cyanol/0.5% bromphenol blue, heated
5 min at'65TC, and subjected to electrophoresis on a 20% acryl-
amide sequencing gel (24).

Nuclease SI Mapping. The p-MuLVI-105 DNA was digested
with Sau 3A and treated first with calf intestine alkaline phos-
phatase and then with terminally labeled T4 polynucleotide
kinase to a specific activity of5-6 x 106 cpm/pmol of 5' ends;
the products were fractionated by electrophoresis on a 3.5%
acrylamide gel so that the 442-bp fragment from the LTR could
be isolated. Single strands of that; fragment were obtained by
electrophoresis on an 8% acrylamide/(bis)acrylamide (60:1)
strand separation gel; the identity of the single strands was.de-
termined by standard sequence analysis (24).
The 540-nt transcript from Pst I-digested p MuLVI-li0 or

virion M-MuLV 35S RNA (a gift of R. Bosselman) was hybrid-
ized to~the labeled 442-tit probe (2 to 3 fmol) in 25 p.1 of 0.3 M
NaClIO mM Tris HCl, pH 8/0.1 mM EDTA for 4 hr at 650G.
The mixture was cooled; 200 -Al of250;mM NaCl/I mM ZnCl2/
30 'MMNaOAc, pH 5.2, containing denatured calfthymus DNA
(20 jig/nil) was added; and this mixture was incubated at 37T

with 60 units of nuclease S1 (Sigma). Digestion was stopped
after i hrand'EDTA and 100 ng ofcarrier DNA-was added. After
phenol extraction and ethanol' precipitation, samples were sub-
jected to electrophoresis on 6% acrylamide sequencing gels.

RESULTS
Characterization ofthe in Vitro Transcription System. First,

by way ofcontrol, the in vitro system was programmed with Sma
I-digested pSmaF DNA. The SmaF fragment of adenovirus-2
DNA contains the major.late adeno promoter (27); the 536-nt
transcript from Sma I-digested pSmaF (Fig. 2A, lane 7) has been
well characterized in other laboratories (21, 27). The minor a-

amanitin-sensitive RNAs that are smaller than the major 536-nt
runoff transcript have not been characterized as their appear-
ance varies from experiment to experiment. Such minor bands
could result from (i) permature termination by the RNA poly-
merase II, (ii) "pausing" of.the RNA polymerase during tran-
scription, (iii) breakdown of the major transcripts, or (iv) low-
level utilization of other initiation sites in the in vitro system.
We have not investigated these alternatives further. The 600-
and 2^000nt RNAs that are seen in all the' even-numbered lanes
are also observed when the extract is incubated without added
DNA (Fig. 2A, -lane 13), and their synthesis is not sensitive to
.actinomycin D (F. Keppel, personal communication).

Transcription of M-MuLV-Containing DNA Fragments.
The sizes of the transcripts (Fig. 2A) that are marked by arrows
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FIG. 2. Electrophoretic analysis of in vitro RNA transcription with restriction endonuclease-cleaved DNA templates. Odd-numbered lanes, RNA
synthesis without a-amanitin; even-numbered lanes, controls to which a-amanitin (1 .g/ml) was added to inhibit RNA polymerase H. Marker lanes
(M) are in vitro RNA synthesized by Bacillus subtilis holoenzyme on intact phage SP01 DNA as template (28). (A) Templates are Pst I-digested
p-MuLVr105 DNA (lanes 1, 2, 9, and 10), Pvu I-digested p-MuLVI-105 (lanes 3 and 4), HindIII-digested p-MuLVI-103 (lanes 5 and 6), Sma I-digested
pSmaF (major late adeno promoter; ref. 20) (lanes 7 and 8), 1.65-kbp Hpa I/Pst I fragment of p-MuLV-1 (lanes 11 and 12), and none (lane 13). (B)
Templates are Xho I-digested p-MuLV-11 (lanes 1 and 2) and 1.3-kbp Pst I/Xba I fragment of p MuLV' 105 (lanes 3 and 4). a-Amanitin-sensitive
transcripts: -*, M-MuLV clones; e, pSmaF; *, derived from pBR322 DNA; o, derived fromXho I-digested p-MuLV-1 (this is not mapped but probably
is also derived from pBR322 DNA).

in lanes 1 and 9 (540 nt, Pst I-cut p-MuLVI-105), lane 3 (400 nt,
Pvu I-digested p-MuLVI-105), lane 5 (820 nt, HindIII-cut
p-MuLVI-103), and lane 11 (540 nt, 1.65-kbp Hpa I/Pst I frag-
ment ofp-MuLV-1) are consistent with transcription initated at
a site near the Sac-T-A-T-A-like box. As 480-nt RNA from Pst
I-cleaved p-MuLVI-105 DNA and 340-nt RNA from Pvu I-cut
p-MuLVI-105 are not seen, it is unlikely that transcription ini-
tiates at a site near the Kpn-T-A-T-A-like box. Furthermore,
there is no a-amanitin-sensitive 1500-nt transcript from Xho I-
digested p-MuLV-11 DNA (however, see below). We have not
characterized the minor a-amanitin-sensitive transcripts seen
in lanes 1, 3, 5, 9, and 11 of Fig. 2A, again because their ap-
pearance varies from experiment to experiment.
No transcripts are observed that are both longer than the 540-

nt runoff RNA of Pst I-digested p-MuLVI-105 and shorter by
140 nt when Pvu I-digested p-MuLVrIO5 is used as template.
In addition, there are no a-amanitin-sensitive transcripts from
the 1.3-kbp Pst I/Xba I fragment of p-MuLVI-105 (Fig. 2B,
lanes 3 and 4). This fragment contains LTR sequences to the left
of the Xba I site, as well as 1.1 kbp of adjacent cellular se-
quences. These data suggest that there are no in vitro RNA
polymerase II initiation sites to the left of the Sac-T-A-T-A-like
box or in the flanking cellular sequence.
We have compared the RNase Ti oligonucleotide pattern of

the 540-nt transcripts from Pst I-digested p-MuLVI-105 and
from the 1.65-kbp Hpa I/Pst I fragment ofp MuLV-1. The oli-
gonucleotide patterns ofthe two transcripts are essentially iden-
tical (Fig. 3, lanes 3 and 4). The DNA sequence of M-MuLV
from the Sac I site in the LTR to the Pst I site in viral coding
sequence (unpublished data) predicts RNase Ti oligonucleo-
tides oflength 19, 13, 12, 11, and 9 nt (when [a-32P]UTP is used
for RNA synthesis, the relative labeling of these is 5, 1, 4, 11,

and 3). We observe oligonucleotides of length 19, 12, 11, and
9 (marked A, B, C, and D, respectively, in Fig. 3); their labeling
is consistent with that predicted by the DNA sequence. The
single predicted 19-base oligonucleotide spans the Kpn-T-A-T-
A-like box (Fig. 1, +41 to +60 of the LTR sequence shown);
thus, it is likely that the 540-nt transcript has its 5' end to the
left ofthe Kpn-T-A-T-A-like box. The predicted 13-mer is barely
detectable, presumably because of a combination of its low rel-
ative labeling and the fact that unflashed film is nonlinear in its
response to low amounts ofradioactivity (31). We observe other
very faint labeled oligonucleotides not predicted by the DNA
sequence. These could be derived from the background RNA
that contaminante the excised 540-nt transcripts.
From these observations, we infer that (i) the Sac-T-A-T-A-

like box is functional in vitro; (ii) the 540-nt runoff transcripts
of p-MuLVI-105 and p-MuLV-i are identical; and (iii) if either
the Kpn-T-A-T-A-like box or the left half of the LTR and ad-
jacent cellular sequences have promoter function in vitro, it
must be at an undetectable level.

Nuclease SI Mapping of the 5' End of the 540-nt Runoff
Transcript of Pst I-Digested p MuLVI-105 and M-MuLV Vi-
rion RNA. To define more precisely the 5' end of the in vitro
transcript, we chose a nuclease SI protection experiment (32).
We hybridized the 540-nt in vitro transcript of p-MuLVI-105
and M-MuLV virion RNA to a labeled single-strand DNA probe.
that extends from + 164 of the viral sequence (3P-labeled 5'
end) to -275 of the LTR sequence (3' end). The 5' terminus
ofM-MuLV 35S RNA is m7G'5ppp5'GmpCp (33), and the 3' end
of strong-stop DNA is 5'.. .G-G-C-G-C 3' (13); thus, a 164-nt
duplex should form between M-MuLV virion DNA and the la-
beled DNA probe. We observe 165-nt DNA after nuclease SI
digestion, as well as other bands at 166 and 167 nt (Fig. 4, lane

M 3 4
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FIG. 3. RNase Tl-generated oligonucleotides of in vitro tran-
scripts. RNA samples were digested with RNase Ti and subjected.to
electrophoresis. Lanes: 1, yeast 5S RNA; 2 and 5, yeast 5.8S RNA; 3,
540-nt runoff transcript of Pst I-digested p-MuLV-105; 4, 540-nt run-

off.transcript of the .1.65-kbp Hpa I/Pst I fragment of p-MuLV-i.
Lengths of the large RNase Ti. oligonucleotides of yeast 55 and 5.8S
RNAs are indicated between the lanes (29, 30). Estimated lengths of
the oligonucleotides in lanes 3 and 4 are A, .19 nt; B, 12 nt; C, nt;
and D, 9 nt. Oligonucleotides of <8 bases are not shown. In this size
range, there is no detectable difference in the.pattern between lanes
3 and 4.

5). This heterogeneity probably results from partial.protection
of the DNA by the cap structure at the 5' end of virion RNA
and has been observed by others (32, 34-36). More importantly,
the same three DNA fragments .are observed when in vitro
p MuLV1-105 RNA is used to protect the labeled DNA probe
(Fig. 4, lane 4). The relative intensities ofthe three bands differ
slightly from those protected by virion RNA. This, however,
could be a reflection of incomplete methylation in vitro (18),
as the 165-nt fragment is (relatively) more intense with in vitro
RNA than with virion RNA. From these data, we conclude that
.the 5' end of in vitro-synthesized M-MuLV RNA corresponds
to the 5' end of in vivo virion RNA.

Transcription from pBR322 Sequences. We do observe a-

amanitin-sensitive transcripts that are longer than 540 and 400
nt; these are indicated by asterisks in Fig. 2A, lanes 1, 3, and
9. The transcript from Pst I-digested p MuLVI-105 is =930 nt
long and the transcript from 'Pvu I-digested p-MuLVI-105 is
=1100 nt long. The relationship between these sizes is incon-
sistent with transcription starting at a point to the left ofthe Sac-
T-A-T-A-like box and reading to the right (because the Pvu I
transcript is longer, rather than shorter, than the Pst I tran-
script). Southern. mapping (37) of these transcripts (data not
shown) demonstrates that'they hybridize to pBR322 sequences
that are located to the right of the viral Pst I site of p MuLV1-
105 and not to the cloned cellular/viral sequences. There is a

sequence, C-T-A-T-A-A-A-G, 1 kbp to the right of-the proviral
DNA/pBR322 junction in p-MuLVI-105 at position 2611-2618
in' pBR322 DNA [in the numbering system ofSutcliffe (38)], that
may be associated with RNA polymerase II-dependent initia-
tion in' this in vitro system. We have not mapped the >2000-
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FIG. 4. Nuclease S1 mapping of the 5'.end of in vitro and in vivo
M-MiLV RNAs. RNA samples were hybridized to the labeled 442-nt
DNA probe and treated with nuclease S1 unless otherwise noted. RNA
in hybrids was degraded by alkali treatment and the 5'-end-labeled
DNA probe was subjected to electrophoresis. Lanes: 1, 442-nt probe,
no nuelease Si; 2, 442-nt probe; 3 and 6, markers [a sequence ladder
obtained with cytidine cleavage of probe (24)]; 4, probe hybridized to
540-nt runoff transcript of Pst-I digested p.MuLVriO5; 5, probe hy-
bridized to M-MuLV virion RNA (1.7 finol). A band in the sequencing
ladder representing the nth nucleotide from the labeled 5' end of the
probe is actually of lengthN = n - 1 because the.sequencing reaction
removesthe nth nucleotide (24,32). The DNA-sequence of the relevant
portion of the.442-nt probe is shown on the left. The cytidine that rep-
resents the 3' end of strong-stop DNA is marked by an asterisk.

*nt a-amanitin-sensitive transcript from Xho I-digested p MuLV-
11 (Fig. 2B, lane 1); however, the length of that RNA is con-
sistent with initiation within pBR322 DNA and elongation left-
ward to the Xho I site in proviral DNA.

DISCUSSION
We have shown that a site in the M-MuLV LTR used for ini-
tiation of RNA synthesis in vitro corresponds to a site used in
vivo for synthesis of M-MuLV virion RNA. That this site is 25
nt downstream from the Sac-T-A-T-A-like box provides evi-
dence that the Sac-T-A-T-A-like box is important for, initiation
of transcription at the known cap site both in vivo and in vitro.
We find no evidence that the Kpn-T-A-T-A-like box is func-

tional as an in vitro promoter; the differences that create this
distinction must reside in sequences outside the obvious T-A-
T-A boxes. Corden et at (36) have shown that sequences from
-10 to -44 nt upstream of the cap site are required for correct
in vitro transcription of-the conalbumin gene; sequences from
-12 to -32 are required for. transcription of the major late ad-
enovirus 'promoter. Construction of appropriate deletion/fu-
sion mutants of the two M-MuLV LTR T-A-T-A-like boxes will
be instructive. As the SacJ-A-T-T-like and Kpn-T-A-T-A-like
sequences are in the 5' LTR, they must be present in the 3'
LTR. It will be of interest to determine whether the T-A-T-A-
like sequences.in the 3' LTR can also be -used as sites for ini-
tiation ofRNA transcription. A transcript initiated in the 3' LTR
can presumably elongate into adjacent cellular sequences.. Such
a mechanism has been postulated for oncogenesis by avian leu-
kosis virus (39, 40).

Although we are unable to detect in vitro promoter sites to
the left ofthe Sac-T-A-T-A-like box (in the LTR or cellular flank-
ing sequences) that could give rise to viral transcripts of the
correct orientation, it seems.quite likely that these sequences
influence viral expression in vivo: there. is evidence ofdifferent
phenotypes of viral expression in four BALB/Mo mouse sub-
strains that carry a single M-MuLV genome at different chro-
mosomal integration sites (41). That LTR sequences upstream

Proc. Nad Acad. Sci. USA 78 (1981)
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of the Sac-T-A-T-A-like box may be important for viral expres-
sion in vivo is suggested by experiments showing that the T-A-
T-A box is not an absolute requirement for gene expression in
vivo and that sequences further upstream from the 5' terminal
nucleotide are more important in directing the reading ofRNA
polymerase II transcription units in intact cells (34, 36). It will
be of interest to construct deletion mutants in the M-MuLV
LTR to the left of the Sac-T-A-T-A-like box and to test their in-
fectivity in vivo.

Note Added in Proof. Nuclease SI mapping of the 5' end of the 540-
nt transcript from Pst I-digested p MuLV-1 results in a pattern identical
to that shown in Fig. 4 for M-MuLV virion RNA and the 540-nt tran-
script from Pst I-digested p MuLVI-105.
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